Aims/hypothesis We sought to evaluate the relationship between delayed conception and type 2 diabetes risk, given that there are plausible underlying mechanisms linking the two, including inflammation and insulin resistance. Methods Participants of the Nurses' Health Study II prospective cohort were included if they were free of chronic disease (cardiovascular disease, type 2 diabetes, cancer) at baseline. Biennial questionnaires updated information on infertility status (>12 months attempted pregnancy), lifestyle characteristics and several health-related outcomes. Self-reported cases of diabetes were confirmed using a follow-up questionnaire. Multivariable Cox proportional hazards models were used to compute the HRs and 95% CIs. Results Incident type 2 diabetes occurred in 5,993 of the 112,106 participants over 24 years of follow-up (1989-2013). A history of infertility was reported in 27,774 (24.8%) women and was associated with a 20% greater risk of developing diabetes, compared with those never reporting infertility (HR 1.20 [95% CI 1.14, 1.28]), after adjusting for age, lifestyle factors, marital status, oral contraceptive use, family history of diabetes and BMI. Compared with women without a history of infertility, the causes of infertility associated with a higher diabetes risk were ovulation disorders (HR 1.43 [95% CI 1.29, 1.58]) and tubal factor (HR 1.34 [95% CI 1.13, 1.58]). Cervical factor (HR 1.06 [95% CI 0.81, 1.40]) and endometriosis (HR 1.06 [95% CI 0.89, 1 .27]) were not associated, while male factor infertility was associated with a modestly higher diabetes risk (HR 1.15 [95% CI 1.00, 1.33]). Conclusions/interpretation These novel findings suggest a history of infertility, particularly that related to ovulation disorders and tubal blockage, is significantly associated with a higher risk of type 2 diabetes.
Introduction
Infertility, commonly defined as failure to achieve pregnancy after more than 12 months of attempting to conceive, affects approximately 12-30% of couples, based on estimates from prospective preconception cohorts [1] [2] [3] [4] . Obesity-related metabolic disturbances such as insulin resistance, inflammation and dyslipidaemia have been implicated in some, but not all, infertility-related conditions, in particular ovulatory disorders and polycystic ovary syndrome (PCOS) [5, 6] . Given the common pathologies underlying many causes of infertility and type 2 diabetes, it is plausible that a history of infertility is related to a risk of diabetes many years later.
Accumulating evidence suggests a greater type 2 diabetes risk in women with PCOS [7, 8] ; however, the relationship of other causes of an infertility diagnosis, such as tubal blockages and cervical factors, with a subsequent diabetes risk is relatively unexplored. Further, few studies have addressed this question prospectively and include careful control for diabetes and possible infertility-related risk factors, such as body weight and lifestyle. Therefore, our aim was to examine the associations of a self-reported history of infertility and its attributed causes with type 2 diabetes risk in the Nurses' Health Study II (NHS II) longitudinal cohort of US women.
Methods

Study population
The NHS II is a longitudinal cohort established in 1989 with the enrolment of 116,430 female nurses throughout the USA aged 24-44 years at baseline [9] . Questionnaires were distributed every 2 years aimed to capture a variety of lifestyle characteristics and update healthrelated outcomes. This study was approved by the institutional review board of the Partners Health Care System (Boston, MA, USA), with participants' consent implied biennially by the return of questionnaires. Follow-up for each questionnaire cycle was >90% until the end of 2011.
NHS II participants were included in our analysis if they were free of type 2 diabetes, cancer or cardiovascular disease (myocardial infarction or stroke) at the return of the 1989 baseline questionnaire. Women were also excluded from the analysis if they left the baseline infertility history questions blank. Participants were followed until their first report of type 2 diabetes, their last returned questionnaire, their death or 31 May 2013, whichever came first.
Exposure assessment A history of infertility was ascertained by a positive response to the statement 'tried to become pregnant for more than 1 year without success' on each biennial questionnaire. Those giving a 'yes' response were asked to indicate the attributed cause(s) of their infertility ('check all that apply') from the following options: tubal blockage, ovulatory disorder, endometriosis, cervical mucus factors, spouse, cause not investigated, cause not found, or other. We updated exposure status every 2 years until participants reached 35 years of age, and positive responses were carried forward; therefore, once a participant reported infertility (whether or not a cause was investigated) they maintained this exposure status until the end of follow-up. We excluded new reports of infertility after age 35 years to minimise exposure misclassification due to age-related declines in fertility [10] . We conducted a sensitivity analysis without this cutoff to include infertility reported at any age.
Prior validation of self-reported ovulatory disorder infertility was conducted in a random subset (n=100) of the NHS II population citing this cause [11] . For this, participants received a supplemental questionnaire: 93% (84/90) reported receiving diagnostic test results and/or relevant treatments. Medical records of 40 patients were reviewed and 95% of self-reported ovulatory disorder infertility was confirmed by a diagnostic test and/or treatment. In a previous validation study in our cohort (in all women-not just those reporting infertility), self-reported endometriosis was validated only in women whose diagnosis was laparoscopically confirmed [12] . Thus, we considered endometriosis as the potential cause of infertility only if the participant indicated that it was laparoscopically confirmed.
Outcome assessment Type 2 diabetes was ascertained by selfreporting of a physician's diagnosis every 2 years, and those responding positively were sent a supplemental questionnaire. Confirmed cases were defined according to the National Diabetes Data Group classification [13] , by reporting at least one of the following: at least one classic symptom (excessive thirst, polyuria, unintentional weight loss, hunger) and a fasting plasma glucose concentration of ≥7.8 mmol/l (140 mg/dl) or random plasma glucose concentration of ≥11.1 mmol/l (200 mg/dl) ; no symptoms but at least a twofold elevation in plasma glucose concentration on more than one occasion (fasting ≥7.8 mmol/l, random ≥11.1 mmol/l, 2 h OGTT of ≥11.1 mmol/l); or hypoglycaemic medication use (insulin or oral hypoglycaemic agent). Criteria changed in June 1998 to adopt a new diagnostic threshold for fasting plasma glucose of ≥7.0 mmol/l (126 mg/dl) [14] . A subgroup validation study conducted in a similar cohort of US female nurses comparing our classification against medical records found a high level of accuracy (98%) [15] .
Covariable assessment The baseline questionnaire captured patient information regarding date of birth, race/ethnicity, height and weight, weight at age 18 years and a variety of lifestyle factors. Time-varying characteristics were updated every 2 years; these included body weight, smoking status, incident gestational diabetes, oral contraceptive or postmenopausal hormone use and menopausal status. We calculated the BMI as the ratio of weight in kilograms divided by height in metres squared [16] . Dietary variables, including usual alcohol intake (in g/day), were updated every 4 years beginning in 1991, using a validated semiquantitative food frequency questionnaire [17] . We estimated participants' overall diet quality based on their usual intake of the components of the Alternate Healthy Eating Index 2010 (AHEI-2010) [18] . Total physical activity was ascertained in 1989, 1991 and 1997 as the frequency of engaging in common recreational activities, from which metabolic equivalent tasks (METs) per week were derived [19] . Marital status and family history of diabetes were updated intermittently throughout follow-up.
Statistical analysis
We analysed the association between history of infertility and risk of type 2 diabetes using age-and multivariable-adjusted Cox proportional hazards models to estimate the HRs and 95% CIs. Women without a history of infertility served as the reference group. Multivariable models included updated age (continuous), smoking status (never, former, current light, current heavy smoker), AHEI-2010 diet quality score (in quintiles), total physical activity in METs per week (in quintiles), alcohol intake (0, 0.1-4.9, 5.0-9.9, ≥10.0 g/day), oral contraceptive use (current, former, never), postmenopausal hormone use (ever, never), menopausal status (pre-/perimenopausal, postmenopausal), family history of diabetes (yes, no), currently married (yes, no), race/ethnicity (White, Hispanic, African-American, Asian-American, other) and BMI (13 categories). Categories were included for any missing data for the covariates, when necessary (<5% of data for most variables; <10% for diet and postmenopausal hormone use). Since participants were allowed to record multiple underlying causes of infertility, the analyses of individual causes were mutually adjusted for all other causes cited. We did not adjust for parity as this may be a direct indicator of infertility itself.
Secondary analyses were conducted to assess heterogeneity by potential effect modifiers, including parity (nulliparous, ≥ one pregnancy of at least 6 months), a history of gestational diabetes in parous women (yes, no), White (yes, no), smoking status (ever, never), BMI category (normal, BMI <25.0; overweight, BMI 25.0-29.9; obese, BMI ≥30.0 kg/m 2 ) and family history of diabetes (parents have diabetes: yes, no). Additionally, we performed analyses stratified by birth characteristics of the respondent, including birthweight (<2.5 kg, 2.5-3.1 kg, 3.2-3.8 kg, ≥3.9 kg) and gestational age (full term, premature). The p values for heterogeneity were derived from likelihood ratio tests comparing models with and without the interaction term added to the main effects multivariable model. We conducted sensitivity analyses including all infertility reported after age 35 years. Additionally, we assessed the potential for screening bias (i.e. women seeking a clinical diagnosis for infertility may be more likely to attend regular screenings and thus receive a diabetes diagnosis) by restricting the analysis to women who reported fasting glucose screenings on the biennial questionnaire. We used SAS version 9.1 (SAS Institute, Cary, NC, USA) for all statistical analyses.
Results
In all, 112,106 NHS II participants free of diabetes, cancer and cardiovascular disease at baseline were eligible for inclusion in our analysis. Women were on average 35 years of age with a mean BMI of 24.1 kg/m 2 at baseline. As indicated in Table 1 , 27,774 (24.8%) women reported a history of infertility either at baseline in 1989 or during follow-up. Women reporting a history of infertility were more likely to be nulliparous (40% vs 27%) and married (91% vs 86%) at baseline compared with those without such a history, but were otherwise similar across a number of characteristics, including BMI, smoking status and healthy diet score. In participants with a history of infertility, 5,508 (19.8%) did not seek a medical investigation of contributing causes and 265 reported infertility but did not respond to the question regarding investigation and reason for infertility. In those who did seek medical investigation (n=22,001), ovulatory disorder (n=8,052) and male factor infertility (n=5,341) were the most common causes cited, and most women (n=11,181) indicated only one underlying cause.
Incident type 2 diabetes occurred in 5,993 participants during 24 years of follow-up (after a mean of 14.1 years). Overall, a history of any infertility was significantly associated with a higher risk of type 2 diabetes (Table 2 ). In the age-adjusted model, a history of infertility was associated with a 28% greater risk of diabetes (95% CI 1.21, 1.36). Results were similar after adjusting for a variety of lifestyle and diabetes risk factors, including alcohol, smoking status, diet quality, physical activity, marital status, oral contraceptive use, menopausal status and postmenopausal hormone use, family history of diabetes, and race/ethnicity (HR 1.25 [95% CI 1.18, 1.33]). Further adjustment for BMI moderately attenuated the association, but it remained significant: there was a 20% greater risk of diabetes for women with a history of infertility compared with those without (95% CI 1.14, 1.28).
In women with a history of infertility, of those who underwent a medical investigation, the individual attributed causes of infertility ( Fig. 1) 
Discussion
Findings from this large prospective cohort of US women indicate a positive relationship between a history of infertility and incident type 2 diabetes, which is independent of shared risk factors including body weight and multiple lifestyle factors. Overall, compared with women without infertility, a history of infertility prior to age 35 years was associated with a 20% greater risk of developing type 2 diabetes later in life. Ovulatory disorders and tubal factor were the underlying conditions associated with diabetes risk. Women with unexplained infertility also had a modest but significant greater risk compared with women without a history of infertility. [20] . However, this analysis included both prevalent and incident diabetes cases, and self-reporting of fertility problems was obtained at baseline at an average age of 57 years. Associations in the literature between nulliparity (a potential marker of infertility) and diabetes risk are mixed, with some studies suggesting a greater risk in nulliparous women compared with parous women [21] , and others indicating the opposite [22, 23] or a null association [24] [25] [26] . Parity, however, may be an inappropriate surrogate for infertility because it cannot account for pregnancy intention. In addition, within our study population, most infertility was reported in parous women (i.e. secondary and not primary infertility).
Our findings are consistent with a previous analysis in the NHS II cohort of infertility and risk of gestational diabetes mellitus (GDM) in parous women [27] . Here, we found that prepregnancy infertility was associated with a 39% higher risk of GDM (RR 1.39 [95% CI 1.24, 1.57]). Similar to our findings with type 2 diabetes, both ovulatory disorders (RR 1.52 [95% CI 1.23, 1.87]) and tubal factor (RR 1.83 [95% CI 1.20, 2.77]) were directly associated with GDM risk. GDM is significantly associated with the development of type 2 diabetes; thus, the relationship between infertility and these diabetes outcomes may reflect similar mechanisms. However, we observed a significant relationship between a history of infertility (compared with no infertility) with type 2 diabetes risk, even in parous women without GDM, suggesting that the relationship between infertility and type 2 diabetes is not entirely mediated by GDM.
Potential explanations for our findings include a causal relationship in which the experience of infertility or its cause directly leads to an increased diabetes risk. Alternatively, the association may represent shared aetiologies between these events, indicating common risk factors or similar underlying pathologies. Furthermore, the explanation for the observed associations may differ according to the cause of infertility. Our analyses carefully controlled for lifestyle and healthrelated diabetes risk factors, but we were unable to rule out the possibility of a shared metabolic dysfunction between infertility and diabetes (i.e. 'common soil'). For example, PCOS is a metabolic disorder characterised by ovulatory dysfunction, insulin resistance and hyperinsulinaemia, and women with PCOS have an elevated diabetes risk [8, 28] . The causality or direction of the relationship between irregular ovulation or anovulation and insulin resistance in PCOS is unclear, although it is believed that underlying hormonal imbalances, such as elevated endogenous androgen levels, may play a role [29] . Differences in endogenous hormone levels, particularly elevated testosterone levels, have also been implicated in type 2 diabetes in women [30] . Additionally, improved ovulatory function and menstrual cycle regularity has been observed in women with PCOS receiving oral hypoglycaemic drugs including thiazolidinediones [31] , metformin [31] , D-chiro-inositol [32] and acarbose [33, 34] , further supporting roles for insulin resistance and glycaemic control in ovulatory function [35] . PCOS was not reliably ascertained in NHS II, so we cannot assess the role it may play in the observed association between ovulatory dysfunction and type 2 diabetes risk in our cohort. However, in support of a role for PCOS in the observed association, long and irregular menstrual cycles (a manifestation of PCOS) were previously linked to a higher risk of type 2 diabetes in this cohort [36] .
With respect to infertility due to tubal disease, inflammation may be one possible biologically relevant pathway between this condition and diabetes. Tubal disease is often the result of progression of a local infection to pelvic inflammatory disease [37] . Although local inflammation begetting systemic inflammation and subsequent diabetes is plausible, and consistent with our previous finding linking tubal factor infertility with GDM, we did not identify any previous reports of a link between these conditions. Thus, further research is needed to confirm this novel association. The observed association between male factor infertility and diabetes risk was unexpected, and may be due to male partners being more likely to have been screened for fertility issues in couples experiencing delayed conception than in couples without such experience. Thus, women reporting a history of infertility would be more likely than women not reporting a history of infertility to have a male partner diagnosed with male factor infertility. For women reporting unexplained fertility, it is unknown to what extent they had been examined for possible causes of their delayed conception, and thus we are unable to determine the absence or presence of the other causes for infertility (e.g. ovulatory disorders, endometriosis).
No previous studies have evaluated the relationship between infertility and diabetes risk by participant birthweight or gestational age. Stratifying by birthweight indicated that the diabetes risk associated with a history of infertility was limited to women with birthweights ≥3.2 kg. We did not observe an association between a history of infertility and diabetes in women with a lower birthweight (<3.2 kg). Similarly, we did not observe an association between a history of infertility and diabetes in women who were born prematurely. We speculate that this may indicate heterogeneity in the aetiologies of infertility. For example, infertility in women of low birthweight or born prematurely may be more likely to be a consequence of the low birthweight or premature birth itself (e.g. underdevelopment) or of the underlying causes of low birthweight or premature birth (such as intrauterine exposures and genetic factors) rather than of the metabolic factors associated with diabetes risk. For example, previous studies have shown that low-birthweight infant girls display markers of altered follicular function and ovarian development [38] . Additional research is therefore necessary to confirm our finding, which may have also been due to chance.
Limitations of this analysis include the self-reporting of infertility and its underlying causes. Further validation studies are warranted to determine the accuracy of self-reporting, although ovulatory infertility was previously validated against medical records in our cohort. In addition, it is unknown how much variation there was in diagnostic practices for the investigation of infertility between participants' physicians in the 1980s and 1990s, when most infertility was reported. A patient may have multiple conditions contributing to their failure to conceive but may only be aware of the condition that was identified first. For example, if a patient responds positively to empirical treatment with clomiphene for suspected anovulation and subsequently conceives, she may never become aware of undiagnosed endometriosis, unilateral tubal factor or mild male factor infertility. Information regarding change in partner status is also unavailable in this cohort. Random misclassification of fertility status would underestimate our findings; it is unknown whether specific participant characteristics are associated with the accuracy of selfreported infertility in our cohort at this time. Replication of these findings in cohorts with a consistent evaluation of infertility across participants is necessary to corroborate the underlying causes of infertility. Second, most of our cohort is white and the generalisability of our findings to other racial and ethnic groups warrants further investigation. Third, we have limited information on fertility treatments in the NHS II population and therefore cannot assess the role that these regimens may have had as intermediates. Finally, although we carefully controlled for BMI, other anthropometric indices such as waist circumference may be independently related to both lower fertility and a higher risk of diabetes; thus, residual confounding by central adiposity is possible [39, 40] . The borderline significant association between male factor infertility and diabetes risk may also reflect residual confounding, as we were unable to control for spouses' BMI, which may correlate with participants' risk factor status. This is the first large cohort study to prospectively assess the relationship between infertility and its underlying causes with incident type 2 diabetes risk. Our repeated, prospective assessment of infertility status throughout follow-up reduces measurement error, and the long study duration allowed us to identify over 5,000 incident type 2 diabetes cases. The NHS II questionnaires identified several validated lifestyle and healthrelated variables, thus allowing us to control for a variety of potential confounders.
Our findings indicate a positive relationship between a history of infertility and type 2 diabetes risk in women, compared with those without such history, independent of several common risk factors. These results also suggest that the underlying causes of infertility may differ in aetiology; thus, their relation to diabetes risk should be evaluated separately. Clinically, these findings may point to a role for underlying insulin resistance and metabolic dysfunction in some causes of infertility, and could reveal potential targets for fertility treatment. Further prospective studies are necessary to corroborate these novel findings, particularly with respect to ovulation disorders and tubal disease. Duality of interest The authors declare that there is no duality of interest associated with this manuscript.
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